Earlier studies have shown that relaxation in response to several agents is impaired in arteries from spontaneously hypertensive rats (SHR). We had previously reported that SHR aortas present a delayed relaxation when first exposed for 35 minutes to a 100 mM KCl solution and then transferred into physiological solution. The first phase of relaxation appeared similar in SHR and Wistar-Kyoto rat arteries, but the second phase was markedly slowed down in SHR arteries, giving rise to a postcontraction tone. In this study, we found that this postcontraction tone could be demonstrated not only in the aorta but also in the mesenteric artery, was independent of the presence of endothelium, increased with the age of SHR, and disappeared progressively when arterial segments were submitted to successive cycles of KCI depolarization followed by reimmersion in physiological solution. Chronic treatment of SHR with nisoldipine at doses that blocked the development of hypertension and attenuated the concomitant hypertrophy of heart and aorta, or in vitro pretreatment of SHR arteries with nisoldipine, decreased the contractile force developed by arteries in response to KCI depolarization and normalized the subsequent relaxation. ['H](+)-PN200-110 binding studies on heart and brain homogenates indicated an increase in apparent Kd in nisoldipine-fed rats without significant change in Bmax. Binding data were compatible with the view that occupation of dihydropyridine receptors by nisoldipine after chronic oral administration was responsible for the modifications observed ex vivo in the mechanical activity of arteries. We conclude that the postcontraction tone of SHR arteries was mainly due to an abnormally prolonged activation of calcium channels after transfer of depolarized arteries into the physiological solution and that a labile or slowly releasable factor was probably involved in this phenomenon. We suggest that the antihypertensive action of nisoldipine might be related to the mechanisms involved in the suppression of the postcontraction tone as observed in vitro and that this mode of action could be more important than the vasodilating effect of this drug. (Circulation Research 1991;68:674-682) ihydropyridine calcium antagonists are now D established for the management of essential hypertension, but the mechanism of their therapeutic action still needs to be characterized.1-3 Because dihydropyridines are potent blockers of potential-operated calcium channels, it has been proposed that their antihypertensive effect could be related to vasodilation. However, unlike 
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In 1972, Field et al1' reported that aortic segments from hypertensive rats, which had been contracted in a solution containing 80 mM KCI, relaxed more slowly than segments from control rats when the depolarizing solution was washed from the bath with normal Krebs' solution. In their study of aortic segments from SHR, Godfraind et al12 confirmed these observations and showed that this anomalous relaxation was corrected in the presence of a calcium antagonist. This suggested that this behavior was primarily related to alterations in calcium channel functioning rather than in the pumping mechanisms that restore a low concentration of cytoplasmic Ca'4.
The present experiments were designed to investigate if the anomalous tone after KCI-evoked contraction (postcontraction tone) could be related to the age-dependent evolution of hypertension and if it could be observed in arteries other than the aorta. In addition, we examined if treatment of rats by a dose of nisoldipine already reported to attenuate the development of hypertension'3 could modify both the ex vivo responsiveness of aortas and mesenteric arteries to KCl depolarization and their postcontraction tone. We also performed ligand studies to estimate the occupation of dihydropyridine receptors in various tissues when nisoldipine was given in the food during prolonged periods.
The results show that the enhanced postcontraction tone was also present in SHR mesenteric arteries and was age related. It disappeared when isolated arteries were repeatedly stimulated in organ baths for prolonged periods and was suppressed after chronic administration of nisoldipine at doses that prevented the development of hypertension or by pretreatment of isolated arteries with nisoldipine. These observations suggest that the enhanced postcontraction tone is attributable primarily to a persistent activation of calcium channels after removal of the depolarizing stimulus, rather than to defective relaxation processes, and that this abnormal state of calcium channels might be caused by a labile or slowly exchangeable factor. Thus, calcium antagonists might prevent the development of hypertension by interfering with mechanisms related to this putative dysfunctioning of calcium channels.
Materials and Methods

Animals
At the age of 8 weeks, male SHR and WistarKyoto (WKY) rats (Moelegaard, Mejby, Denmark) were divided at random into two groups; one group was used as a control and received ordinary food (Sniff GmbH, Soest, FRG), and the other received the same food, but it also contained 1,000 ppm nisoldipine. They were kept in the same environment and received food and water ad libitum. The average food utilization of each group was similar. Systolic blood pressure was measured every week by the tail-cuff method in conscious animals prewarmed to 35°C in thermostatic cages. 10 Several randomized groups of age-matched SHR and WKY rats in equal number were used in these experiments. To validate our initial observations on the influence of age on the parameters so far examined, we also designed two randomized experiments with 36 SHR and 36 WKY rats; each of these groups was subdivided into three subgroups maintained alive during 9-12, 14-16, and 34-36 weeks, respectively.
Drugs
The dihydropyridine nisoldipine (isobutyl methyl
pyridinecarboxylate'0) was mixed into the commercial diet (1,000 ppm), which was formulated in the usual pellet form ("Sniff R"). For in vitro studies, nisoldipine was dissolved in ethanol as a stock solution of 10-3 M. This solution was thereafter diluted in the experimental medium.
Ex Vivo Study ofArterial Contraction and Relaxation
Immediately after the rats were killed by decapitation, the thoracic aortas and superior mesenteric arteries were removed and cleaned of connective tissue. From each animal, four rings (2 mm wide) of thoracic aorta and superior mesenteric artery were cut and suspended in organ chambers (50 ml) filled with physiological solution under a resting tension of 20 and 10 mN, respectively. In some experiments, the intimal surface of the rings had been gently rubbed with the ends of a small forceps to remove endothelial cells (effective endothelium removal was confirmed by the absence of relaxation to acetylcholine14). Rings were connected to an isometric level with two strain gauges as part of a balanced bridge. The output was fed into an analog/digital converter, which was connected to a Kontron microcomputer (model Psi 80 D, Kontron GmbH, Eching, FRG). The program allowed input from up to eight force transducers simultaneously. After suitable calibration, tensions were displayed on the screen of the microcomputer, recorded on a printer, and stored on disk at predetermined time intervals.
After being mounted in organ chambers, rings of arteries were allowed to equilibrate for 90 minutes in physiological solution (37°C), which was aerated with a gas mixture of 95% 02-5% CO2 and contained (mM) NaCI 112, KCl 5, NaHCO3 25 
Binding Studies
Binding studies were performed on homogenates from heart and forebrain. These tissues were obtained from the same animals from which arteries were taken for contractility studies. The use of whole homogenates avoided loss of nisoldipine that would have occurred in washing steps associated with purification of membranes from nisoldipine-fed rats. Tissues (about 1 g) were minced in 10 ml ice-cold Tris-buffered physiological solution ([mM] NaCl 145, KCl *Values from control SHR are significantly higher than those from control WKY rats (p<0.001 for blood pressure and heart weight; p<0.01 for aorta weight).
tValues from nisoldipine-treated SHR are significantly lower than those in control SHR (p<0.001 for blood pressure and heart weight; p<0.01 for heart weight; p<0.05 for aorta weight). sured at 35 minutes) was more pronounced in WKY (43+3.7%, n=36) than in SHR (30.5+3.5%, n=36) (p<0.05). For mesenteric arteries, the force of contraction was lower in younger than in older rats, but there was no major difference between SHR and WKY rats (see Figure 2) . In mesenteric arteries from nisoldipine-treated rats (not shown), the reduction of the developed tension was significantly more important in WKY than in SHR only at the age of 9-12 weeks (p<0.01). Figure 2 also illustrates the time course of the decrease in tension after washing out the 100 mM KCl solution. With WKY rat arteries, return to precontraction tone occurred as a monophasic function of time, whereas with SHR arteries, a fast and a slow phase could be distinguished. As Figure 2 illustrates, the fast phase corresponded to an initial decrease in tension of about 20% in aorta and 40% in mesenteric artery, and it was not age related. The half-life of the slow phase was related to the age of the SHR, the postcontraction tone at 10 minutes being much higher in older than in younger rats (p<O.OOl). In arteries from the oldest groups, this postcontraction tone was still elevated after 60 minutes. A convenient parameter related to the magnitude of this tone is the time required to reach 50% of the KCl-induced force. As shown in Table 2 , for aortas, this time was higher in SHR than in WKY rats (p<O.001) and it increased with aging of SHR but not of WKY rats. Interestingly, as shown in Figure 3 , when SHR arteries were submitted to a second and a third prolonged exposure to the KCl solution, the postcontraction tone was lower than after the first contraction.
The postcontraction tone of SHR aortas (24-25 weeks) was not appreciably affected by removal of endothelium. In the presence of endothelium, the residual tone 35 5.65+±0.14 mN, respectively (n=4). In the absenc endothelium, the corresponding values w 7.48+0.30 and 5.10±0.57 mN (n=5). Figure 4 compares postcontraction tone in me teric arteries from untreated and nisoldipine-tre. rats. It shows that the age-related difference betw WKY and SHR vessels found in untreated rats suppressed in nisoldipine-treated rats. A similar conclusion can be drawn from data obtained on aortas for which the times to 50% of the KCl-induced force are compared (Table 2) . Furthermore, we examined the action of an in vitro treatment of SHR aortas with various concentrations of nisoldipine on the contraction evoked by potassium depolarization and on the subsequent endogenous tone. As illustrated in Table  3 , when isolated SHR aortas were preincubated for 90 minutes in physiological solution with nisoldipine (30 pM), the KCl-evoked contraction was inhibited by about 30% and the postcontraction tone measured after 10 minutes was inhibited by about 70%.
Properties of Dihydropyridine Receptors in Heart and Brain
To examine the influence of the chronic adminis- Figure 1 show that tension development on KCl depolarization was inhibited by 25 -45% in aortas from nisoldipine-treated rats. The experiment reported in Table 3 suggests that a 30% inhibition can be achieved by exposing SHR aortas to 30 pM nisoldipine. This concentration is within the range of concentrations estimated from apparent Kd values of [3H](+)-PN200-110 in heart and brain homogenates. Thus, the weaker tension development in KCl-stimulated arteries from nisoldipine-fed animals might be attributed to inhibition of calcium channels by nisoldipine in these arteries. This view is reinforced by the observation that both inhibition of tension of arterial rings ( Figure 1 ) and increase of apparent Kd values in heart (but not brain) homogenates (Table 4) were more pronounced in nisoldipine-treated WKY than in nisoldipine-treated SHR. The apparently greater tissular load of nisoldipine after chronic treatment in WKY rats does not seem to be related to a difference in food uptake, since the weights of the animals were not significantly different. Clearly, a pharmacokinetic analysis is needed to shed light on this observation. We cannot exclude the possibility that nisoldipine could be more rapidly washed out from SHR tissues. Receptor numbers in WKY and SHR heart and brain homogenates were not significantly modified by the chronic nisoldipine treatment. This finding is compatible with the absence of clear evidence of tolerance or withdrawal symptoms on chronic treatment with dihydropyridines in humans.2' In agreement with our results, Nishiyama et al,22 who administered nifedipine to rats by stomach tube during 2 weeks, found no modification of receptor number in heart. However, other groups have reported either downregulation of dihydropyridine binding sites in heart (but not brain) after intravenous administration of nifedipine (36-360 mg/kg/hr) for 20 days21 or upregulation in heart after oral administration of nitrendipine (300 ppm in the diet) for 21 days.23 These discrepancies might be related to either the plasma levels attained or the particular dihydropyridine used.
Alteration in vascular reactivity is a well-documented property of arteries from SHR, but functional studies of voltage-operated calcium channels have provided variable results, probably related to methodology.24 Several authors have reported that calcium concentrations higher than the physiological one elevate tone in aortic strips from SHR but not in strips from WKY rats.2526 Furthermore, Winquist and Bohr'0 have shown the existence of a small but consistent tone of SHR basilar artery, which is suppressed by EGTA treatment. We report here that the contraction evoked by KCl depolarization was similar in arteries isolated from age-matched SHR and WKY rats, but that after readmission of physiological solution to the bath, relaxation of SHR arteries was 4- 3. was not appreciably modified after endothelium removal and, therefore, appears unrelated with the reported production of an endothelium-derived contracting factor by SHR aortas. 35 Alterations in the properties of voltage-dependent calcium channels in cultured muscle cells from SHR have been recently described. 36 The postcontraction tone of SHR arteries was greatly attenuated when the in vitro incubation was prolonged and when the tissue was submitted to successive long-lasting stimulations by KCl-rich solution. These observations indicate that a labile factor, In summary, we observed that the enhanced postcontraction tone, a characteristic, short-lived feature of arteries isolated from hypertensive rats, was absent in arteries from SHR that had been chronically treated with nisoldipine and that it was suppressed in arteries isolated from untreated SHR after incubation of the vessels in the presence of 30 pM nisoldipine, which is close to the active concentration in vivo. If a process akin to the postcontraction tone occurs in vivo, the antihypertensive efficacy of nisoldipine might be attributable to its action on this process and not only to its vasodilating effect.
